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By Willard D. Coles gnd Edmund E. Callaghan

SUMMARY

A comparison of the noise generation of air Jets and turbojet engines
has been made from data obtained under similar free-field conditions. At
jet pressure ratios below or only slightly above that for choked flow, the
over-all sound power is-well represented by the Lighthill parsmeter, but
the results obtained with the afterburning date are somewhat low. Appli-
cation of a correcti A to the directional data uslng nozzle-area ratio
and Jet velocity ratio to the gth power gave good correlation between
air-jet and engine data. Alr-jet and englne spectral dats were dissimi-
lar because of & dlp in the engine noise spectrum, which was probably
caused by a combination of ground-reflection effects and additions to por-
tions of the spectrum by compressor and combustion noise.

INTRODUCTION

Noise emanating from air Jets and Jet englnes has been the subject
of considerable study in the United States and Great Britain. Greatly
increased jet-engine size and usage combined with the promise of even
larger, more powerful engines in increasing numbers make the nolse prob-
lem extremely formlidable. Experimental investigations with air Jjets
(refs. 1 to 3) have shown good agreement with results predicted by Light-
hill from a theoretical treatment on sound generated aerodynamically
(ref. 4). Reference 1 correlated data from alr-jet and jet-engine stud-
ies, some of which were free-field, test cell, and reverbrant and anechoic
chamber date. As part of the general investigation conducted at the NACA
Iewils laboratory of the far noise field of Jjets, the results presented in
this report provide a comparison between alr-jet and engine date measured
under similar free-field conditionms.

Data showing the noise characteristlcs of convergent, circular air-
jet nozzles and the correlation of the noise characteristics with Jet
size are presented in reference 3. Because the sound-power and spectra
data presented in reference 3 show the effect of nozzle size to be & di-
rect relation, only the data for the 4-inch-dismeter nozzle are presented
for the most part in this report.
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The variation of the nolse parameter for a wide range of Jet pressure
ratios (Jet total pressure/atmosPheric pressure)- 18 also included in ref-
erence 3. The air-jet results presented herein are limited to Jet pres-
sure ratios in the range of the engines investigated. For purposes of
comparison with engine data, the results obtalned at pressure ratios near
choking are of most interest. The sound fields, spectra, and sound power
of these air Jets are compared to corresponding characterlstics of two
Jet englines. The engines were of the axisl-flow type, the larger having
approximately twice the thrust of the smaller engine. A limited amount
of data was also obtained with both englnes using afterburners.

In determining the characteristics of a noise source, no aspects of
human response to the noise are considered. Reference 5 presents methods
of determining human reaction to sounds of different levels and frequen-
cies and also gives a comprehensive bibliography on the subject.

APPARATUS AND PROCEDURE

. e Alr Jet

Schematic elevation and plan views of the alr-jet facility are shown
in figure 1. The alr heater, throttling valve, flow-measurement orifice,
mufflers, plenum tank, and inlet diffuser section are indlcated. Screens
were used inside the diffuser section to provide uniform velocity at the
bellmouth entry to the nozzles. Additional description of the equipment
1s glven in reference 3. Compressed gir was supplied from remotely lo-
cated compressors so that no problem of compressor-noise elimination
existed.

The sound survey fileld indicating the relative positlions of nearby
buildings is shown in figure 1(b). The sound measurement stations are
shown on the three concentrlic sectors of circles with origlna gt the noz-
zle exit. The 15 measurement stations on each arc are in 15° increments
and extend from 120° from the jet direction on one side to 90° from the
Jjet direction on the other.

Three 60°-convergent nozzles of 3- to 5-inch throat dismeter were
used. A photograph showing one of the nozzles, the plenum tank, and near-
by plping is shown in figure 2.

Turbojet Engines

The turbojet engines used in the investigation were of the axial-
Tlow type and had rated sea-level thrust values of 5000 and 10,000 pounds.
Under rated conditions, the total- to static-pressure ratlo across the
exhaust nozzle was 1.7 for the smaller engine (engine A) and approximate-
1y 2.2 for the larger engine (engine B). Each of the engines was mounted
in the thrust stand, shown with engine B in figure 3. The engines were
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equipped with large inlet bellmouth sections, and on engine B a screen
wes provided at the bellmouth entrance to prevent ingestion of foreign
material.

In addition to thrust measurements, fuel and air flows through the
engine and Jet temperature were measured in order to check engine per-
formance and determine jJet velocity, which is of prime importance in the
serodynamic generation of sound.

Figure 4 shows the plan view of the engline gound field. The sound
measurements were taken 4 to 5 feet above ground level in 15° increments
aver the three quadrants. Sound measurements for engine A were taken at
both 100- and 200-foot radli from the engine, and for engine B at the
200-foot radius. The control room was located about 100 feet from the
engine in the quadrant in which no sound measurements were taken and,
because of its small size and location, had negligible sound-reflection
effects. The nearest large reflecting surfaece forward of the engine was
approximetely 600 feet away, and the sound field to the rear and sides
was unobstructed for over 1/2 mile.

Acoustic Measurements

For purposes of standardization of nomenclature, the acoustic terms

used hereln are those defined in reference 6. Sound-pressure—levell meas-
urements were made with a commercial sound-level meter. Measurements were
usually taken at each of the sound measurement statlons at one or more
radial distances for the air jet (fig. 1(b)) and the engines (fig. 4).
Frequency spectra were measured when the over-all field survey was mede,
but at 1 radial distance (200-ft rad, nonafterburning engine; 400-ft rad,
afterburning engine; and 50-ft rad, air jet). Some spectrum data were
obtained at all azimuths for engine B and the air Jet, and at azimuths

of 30°, 90°, and 180° from the jet direction for engine A. The frequency
distributions were measured with an automatic audio-frequency anslyzer
end recorder. Before each test, both the sound-level meter and frequency
recorder were calibrated with a small loudspesker-type calibrator and
transistor oscillator. The frequency analyzer was mounted in an acousti-
cally insulated truck, and direct field records were obtained.

For operation of the air-jet facility, the sound-pressure and spectra
date were recorded at up to 15 values of total- to static-pressure ratio
across the nozzle in ascending order of predsure ratio. The air was
heated to approximstely 200° F to eliminate condensation phenomens in the
Jjet.

lSound—pressure level in decibels is based on a reference of 0.0002

dyne/cm?.
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The engine-noise data of primary importance corresponds to take-off
and initial climb conditions. Therefore, most of the data are for full-
englne-power condition.

The sound power radiated from a Jet source can be calculated by an
integration process from the sound-pressure-level measurements by the
method described in references 6 and 7. The same procedure 1s applied
to the sound-pressure levels obtained for each 1/3-octave band of fre-
quencies from the frequency-analyzer date to give the ffequency distri-
bution of the sound power. Sound-power level is based on a reference of

10~13 watts.

RESULTS AND DISCUSSION

The far-field noise characteristics of a source can be completely
defined when the directional distribution, freguency spectrum, and sound
power of the source are known. However, differences in date are obtalned
because of technique and instrumentation variations.

In the following sections, date for both alr Jjets and englnes as a
sound source are presented and compared in the following order: direc-
tional distribution, sound power, and frequency spectrum.

Air Jets

The directional characteristics of the nolse from the 4-inch-diameter
air jet are shown in figure 5 for two values of jet pressure ratio for
three l/3-octave frequency bands and the over-all frequency range. The
directional distribution is symmetrical about the Jet axis, and therefore
only one side is presented. For frequency values up to and including
1000 cps, a pronounced lobe of higher sound-pressure level exists near
the 300 aszimuth from the jet direction. For frequencies above 1000 cps,
the sound field is more nearly nondirectional. The over-all data (all
frequencies) show the lobe at 30° with a relatively smooth, nearly circu-
lar pattern elsewhere.

Engines

The complexity of the noise from a turbojet engine is illustrated
by the directional distribution of the sound for engine B with no after-
burning at 100- and 80-percent rated thrust (figs. 6(a) and (b), res-
pectively) and with afterburning (fig. 6(c)). The prominent lobed re-
gions centered between the 30° and 60° azimuths from the jet direction
emphasize the considerable reduction in level at all frequencies in the
direction directly behind the jet and to a 15° azimuth. In addition,
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relatively strong lobes are evident in the forward quaedrant for meny of
the frequency bands. This 1s especially true of the 1000-cps data at
rated engine thrust. This increase in the high-frequency noise forward
of the enginé 1s undoubtedly due to compressor noise.

Alr-Jet and Engine Comparison

Because of the large differences in sound power lssuing from air Jets
and jet engines, the air-jet data are usually obtained closer to the Jet,
meking it necessary to apply a distance correction to the data. In addi-
tion, the frequency of the sound is a function of Jjet diameter, and the
gsound. power is a fupction of -jet area and velocity.

The theoretical treatment by Lighthill (ref. 4) predicts that the
nolse generated aerodynamically by & jet will be proportional to the
Lighthil} parameter :

PohV"/ e
where

po emblent air density, slugs/cu £t

A nozzle-exit area, sq ft
V  Jet velocity, ft/sec

8y ambient acoustic velocity, ft/sec

Flgure 7 shows the total sound power in kilowatts for both the air
jet. and engines as a function of the Lighthill parameter. The engine
data are presented with and without afterburning for three values of
thrust for each engine. Alr-jet date for three nozzle sizes at pressure
ratios below that for choked flow are also included on the figure. The
line on flgure 7 represents the best line through the data excluding the
afterburning data. The fact that the slope of the line is exactly unity
shows that, although the engine jet temperature is high and the flow
slightly supersonic for the high~thrust condition of engine B, the sound
power is well represented by the ILighthill parameter.

This correlation shows that, basically, the noise generated by a
full-scale engine 1s governed by the same law as the noise of a simple
alr jet. Hence, it may be concluded that the principal contribution to
Jet-engine noisge arises from the turbulent wmixing of the Jjet with the
surrounding atmospherey: o

AN
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The afterburner data for both engines fall somewhat below the
straight-line relation indicated for the other data. There are two prob-
able explanations for this effect: (1) The high-temperature afterburning
condition is beyond the limits of applicability of the Lighthill param-
eter, without considering Jet density; or (2) the sound pressures gener-
ated by an efterburning jet may be of such large magnitude that the radi-
ated gsound waves are no longer of small amplitude and hence would be
?ubject)to the lerge attenuation effects associated with finite waves

ref. 8).

Polar diagrams of the corrected over-all directional distribution
of the 4-inch-diameter alr Jet and two engines are shown in figure 8.
The comperison shows the sound patterns to be simllar with the exception
of the low-noise-level region displayed by both jJet engines near the Jet
axis. This probably results from the refractive effect on the sound in
passing from the Jet to the surrounding atmosphere, in which the speed
of sound is lower.

Spectrum measurements made at each station sround the engine and air
Jet are integrated as previously described, and the results are shown in
figure 9. In figure 9(a) the corrected spectrum power level is presented
for two pressure ratios for the 4-inch-diameter alr Jet. The application
of the velocity-ratio correction to the choked-flow conditions (pressure
ratio, 2.55) is probably not entirely valid. However, by applying this
correction, the change in the spectrum resulting from the change in nolse-
generating mechanism due to shocked flow can be seen. An increase in the
high-frequency noise is evident from the figure, and the tendency toward
the formation of large-amplitude discrete frequencies is lndicated. The
velocity used for the choked-flow condition corresponds to full adiabatic
expansion of the Jet calculated from the pressure and temperature condl-
tions at the plemum. At low frequencles the mlicrophone is susceptible
to wind noise (see ref. 3), which shows up especially in air-jet date
because of the lesser magnitude of the sound power in the low frequencies.

Noise data for engine B obtained at two values of engine thrust are
shown in figure 9(b). Here as with the alr jet an increase in high-
frequency noise occurs at the increased power condition. The minimum
near the center of the curves possibly results from ground interference
or reflection effects (see ref. 9). Unpublished data studied concern-
ing this effect indicate that perhaps the phenomenon may be a function
of height of the engine exhaust above ground level, thus supporting the
reflectivity hypothesis.

Spectrum-level distributions for four azimuths are shown in figure
10(a). The secondary peak in the power-spectrum distributions of figure
9(b) at approximately 1000 cps also appears in all the spectra of figure
10(a), except for the 180° azimuth. The 1000-cps data of figure 6 also
show this reduction in front of the engine (180° azimuth).

3845
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The spectrum-level distribution during afterburner operation is shown
in figure lO(b) for four azimuths. The characteristic dip in the spectra
at 400 cps and the peek at 1000 cps are agein evident. Spectra for the
120° azimuth were obtained but were not included because of their simi-
larity to the 90C-azimuth data.

A comparison of the relative frequency distribution of the sound
power for the air Jet and engine is shown in figure 1l. Cumulative sound
power (percent of total sound power below a given abscissa value) is pre-
sented against Strouhal number (& dimensionless parameter). Stroubal num-
ber (frequency times diameter divided by jet velocity) is used as the ab-
scissa t0o bring the curves closer together to facilitate comparison. The
minimum in figure 9(b) for the engine datae is shown in figure 11 by the
change in slope in the middle-frequency range. The ground-reflection ef-
fect previously mentioned and the addition to the higher frequencles as
a8 result of compressor noise probebly are the reasons for the deviation
from the distribution curves exhibited by the air jet. Combustion noise
may also contribute to this deviation.

SUMMARY OF RESULTS

As part of the general program to investigate jet nolse and means
for its suppression, a comparison was made of the nolse characteristics
of alr Jjets and turbojet engines. The following results were obtained:

1. The over-all sound power generated by an air jet and nonafter-
burning Jet engine during ground operstion at pressure ratios below or
only slightly above that for choked flow was correlated by the Lighthill
nolse-generation parameter. This result shows that the principsal contri-
bution to jet-engine noise arose from the turbulent mixing of the Jjet with
the surrounding atmosphere.

2. The sound power radiated during afterburner operation of the en-
gines was lower than indicated by the Lighthill parameter.

3. Correction of sound-pressure-level directional data by the nozzle-
area ratio and gth power of the velocity ratio gave good correlation

of alr-jet with engine data.

4. The spectral distribution of sound power for the engine was char-
acterized by a dip in the middle frequencies, possibly resulting from a
combination of ground-reflection effects and additions to portions of the
spectrum by compressor and combustion noise. Air-jet and engine spectra
showed dissimilarity due to the dip in the frequency distribution for the
englne.

Lewis Flight Propulsion Laboratory
Natlonal Advisory Committee for Aeronautics
Cleveland, Ohio, October 19, 1855
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Figure 1. - Schemetic diagram of air system and adJacent buildings.
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Figure 8. - Direoblonal distributlion of nolse from englne B, Distanoe from Jobt exit, 200 feeh.
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